ABSTRACT: Stratification and mixing patterns of a water body are influenced by the variability of atmospheric systems, which can also modify their biogeochemical properties. The primary goal of this study was to analyze the effect of atmospheric cold fronts (CFs) on thermal stratification and water quality parameters in 4 embayments of the Furnas Hydroelectric Reservoir (FHR) (southeastern Brazil), a warm monomictic water body. A secondary goal was to evaluate the implications of this effect on the aquaculture of Nile tilapia Oreochromis niloticus (L.) in net cages. A 2 yr dataset of meteorological and water quality parameters was used to compute heat flux balance components and buoyancy frequency. These parameters were used to evaluate the influence of CFs on FHR water column stability and water quality. It was observed that the passing of CFs increased net heat loss and wind velocity, resulting in a partial mixture of surface waters with deeper layers. These changes in the physical structure of the water column altered the diel cycle of water temperature, led to a slight decrease in dissolved oxygen concentrations and pH values during the stratification period, and contributed to the increase in dilution power at the fish cultivation sites. However, following CF passages, no significant changes were observed in water quality parameters that influenced Nile tilapia cultivation in the FHR. Nevertheless, the understanding of meteorological systems and their influence on the physical and biogeochemical properties of an aquatic system is important for optimal management of aquaculture activities.
INTRODUCTION
Worldwide consumption of fish is increasing, and aquaculture has been identified as the main supplier for this demand, considering that wild fisheries captures have not increased in the past 10 yr (FAO 2016) .
In Brazil, the increase in aquaculture production follows the worldwide trend. The production of freshwater aquaculture grew at a mean rate of approximately 27% yr −1 between (MPA 2013 . Brazilian aquaculture activities produced around 483 241 tons of fish in 2015 (IBGE 2016) . One of the major products is the exotic Nile tilapia Oreochromis niloticus (L.), making up 45.4% of total Brazilian finfish aquaculture production in 2015 (IBGE 2016) .
To increase the freshwater aquaculture production for food supply, aquatic systems such as lakes and reservoirs have been hosting fish farming activities. Brazil has > 250 reservoirs that could host such activities. However, these activities may lead to environmental problems such as eutrophication and changes in ecological succession. Although the increase in aquaculture production is important to assure food security, an environmental monitoring protocol is necessary to ensure environmental and human health as well as support policymakers' decisions. An analysis of the possible impacts of aquaculture on these reservoirs is required for the management of aquaculture activities.
Changes in the physical and biogeochemical properties of a water column, as well the associated implications to aquatic life caused by the succession of different meteorological systems over tropical reservoirs, have been studied in different regions of Brazil (Tundisi et al. 2004 , Curtarelli et al. 2013 , 2014a . These changes occur mainly because of variation in the heat budget of the aquatic system, which is primarily modulated by seasonal cycles of incoming shortwave radiation and other meteorological variables along with mesoscale atmospheric disturbances. Among the meteorological systems over South America, cold front (CF) incursions are one of the most recurrent atmospheric systems. CFs influence atmospheric circulation, precipitation, and temperature regime (Garreaud 2000) . Moreover, they are also responsible for quick variations in the heat budget of aquatic systems (Liu et al. 2009 , Alcântara et al. 2010 , Curtarelli et al. 2013 .
Several studies have shown a relationship between CF passages and changes in the physical properties of the water column at continental shelves (Stech & Lorenzzetti 1992 ) and reservoirs (Tundisi et al. 2004 , Alcântara 2012 , Curtarelli et al. 2013 , 2014a . These changes are important for the vertical distribution of chemical constituents, which are crucial factors to estimate primary productivity in aquatic systems (Ganf 1974 , Reynolds 1992 , Serra et al. 2007 , Vidal et al. 2010 . Thus, processes that alter water column stability such as stratification and mixing are important for understanding phytoplankton population dynamics, diversity, and succession (Reynolds 1992 , Calijuri et al. 2002 , Becker et al. 2009a .
CF effects on water column stability and phytoplankton succession have been studied in a Brazilian tropical reservoir by Tundisi et al. (2004) . They showed that alterations in the periods of vertical stratification and mixing were related to the passage and dissipation of CFs. Based on these observations, a framework was proposed for the management of lakes and reservoirs in southeastern Brazil. This framework relates the instability in the water column caused by the mixing process during a CF passage to the dominance of diatoms and green algae. Water column stability, which is caused by the stratification process in the absence of CFs, is related to cyanobacterial dominance periods (Tundisi et al. 2010) .
The succession of mixing and stratification processes, often related to meteorological systems, is an important driver for environmental parameters such as phytoplankton abundance, water transparency, and dissolved oxygen (DO) levels (van Rijssel et al. 2016) . Even still, the use of these stability processes in understanding their relation to higher-ranking levels of the trophic chain has not yet been totally explored. In addition, little or no information is available regarding CFs' effects on water quality parameters (WQPs) in aquaculture fields.
Since atmospheric radiation and air tempera ture are controlling factors for water column temperature, it is important to understand the role of CF passages over aquaculture fields. Such water column changes can affect the productivity and growth of fisheries (Kapetsky 2000) . Therefore, the identification of water column changes can equip aquaculture management toward improving production and preventing environmental degradation.
From an aquaculture perspective, the maintenance of an ideal range for parameters such as temperature, DO, and pH are fundamental. Variations in WQPs affect fish by triggering their stress disruption, which can increase susceptibility to disease and cause a decrease in production. One example is the relationship between water temperature and DO consumption, which shows that, in warmer waters, DO consumption is higher (Boyd & Pillai 1985) . It has also been found that low DO levels cause changes in the behavior, physiology, and morphology of fish (Pollock et al. 2007) , and temperature also affects the chemical and biological processes of aquatic organisms' metabolism (Boyd & Pillai 1985) . Changes in water temperature modify fish metabolism, resulting in a high-energy demand for maintenance and less energy available for growth (Jobling 1994) .
We hypothesized that changes in wind pattern, heat flux balance, and the stratification-to-mixing conditions caused by a CF passage will affect WQPs to be outside the optimal range of environmental conditions for aquaculture. The aim of this work was to understand the role of CF passages over inland water fish farms located in a region of the Furnas Hydroelectric Reservoir (FHR; see Fig. 1 ), Guapé, Brazil. The specific objectives were to (1) identify the seasonal patterns of stratification and mixing processes in the FHR, (2) identify the frequency of the passage of CFs over the FHR, (3) quantify the changes in water temperature and in heat flux balance based on normal meteorological conditions, (4) understand how the water column stability changes with CF passages, and (5) compare changes in critical WQPs to the optimal ranges for Nile tilapia farming.
MATERIALS AND METHODS

Study site
FHR is in the middle course of the Grande River, Minas Gerais State, Brazil (Fig. 1) , and it is formed mainly by 2 rivers: the Grande River, flowing in an east−west direction, and the Sapucaí River, flowing in a southeast−northwest direction. The flooded area and the storage capacity at its maximum level at 768 m above mean sea level (a.m.s.l.) are 1440 km 2 and 22.95 billion m 3 of water, respectively. FHR's useful volume is 17.22 billion m 3 of water and its minimum operational level is at 750 m a.m.s.l. (Furnas 2016) . Based on its bathymetry, FHR reaches a maximum depth of 90 m and has a mean depth of 16 m.
FHR is surrounded by 23 municipalities, 19 of which produced 4683−5130 tons yr −1 of Nile tilapia from 2013 to 2015. In Guapé municipality, Nile tilapia production was 2430, 1500, and 790 tons yr −1 for the years , respectively (IBGE 2016 . This intense decrease in fish production was related to a constant and pronounced reservoir level fluctuation and the difficulty of regularizing the aquaculture activity in the area. Fish diseases were not a significant cause for this decrease, since reported cases were usually caused by the transport of fingerlings. However, occasional occurrences of Streptococcus and columnaris were observed in fish under production (Cardoso et al. 2013) .
Selected areas for this study were 4 small embayments (Fig. 1C) , located near the municipality of Guapé where there was an intensive cage cultivation of Nile tilapia. At the time of this study, there were > 200 Nile tilapia producers in the FHR, though we focused on 11 fish farms (with a total cage volume of about 817−818 m 3 ), which have been active for the last 7 yr. They produce around 1000 tons yr −1 in 1.4 cycles yr −1 , with an individual commercial size between 0.85 and 1.00 kg. Fish farms have newly hatched, young, and adult Nile tilapia, even though most of the producers (52.4%) do not adopt any management practices, such as measuring fish weight and length (Cardoso et al. 2013 ).
Moored platforms
Six platforms were anchored within the study area (Fig. 1C) . One was equipped with meteorological and water quality sensors (#5S; Fig. 1B . Platforms #3, #4, and #5S were placed in an embayment where there were 9 producers totaling a production of around 500 tons yr −1 . Finally, platform #6 was in an embayment with 1 fish farm which has a yearly production of 550 tons.
At #5S, using a system called SIMA (an acronym, in Portuguese, for Integrated System for Environmental Monitoring; see Stech et al. 2006) , the following meteorological parameters were measured at a height of 3 m: air temperature (T a ), relative humidity (R h ), atmospheric pressure (P atm ), wind speed (U z ) and direction, and shortwave radiation (S w ). From the SIMA (#5S) and SIMA-Aquaculture (#1C, #2, #3, #4, and #6), multiparameter sondes were installed, allowing measurement of water temperature (T w ), conductivity, pH, turbidity, and DO concentration at a depth of 1.5 m. Thermistor chains, which provided water temperature at different depths throughout the water column, were also installed in all systems. Each chain had 13 thermistors, distributed 0.25 m apart in the first meter, then 1 m apart in the next 5 m, and finally every 2 m until 1 m above the bottom of the water column. A distinct difference between SIMA and SIMA-Aquaculture is that the first can transmit hourly-acquired data telemetrically in near real-time (excluding temperature from the thermistor chain), while the second can only store the data until a backup is conducted. Telemetric data was only used when downloaded data was not available. Table A1 in the Appendix describes the instruments used.
All instruments were configured to store data at regular intervals of 10 min. Additionally, all wind direction data were corrected for magnetic declination for the FHR location using NOAA's magnetic field calculator (NOAA 2016).
SIMA and SIMA-Aquaculture operated from August 2013 to September 2015. However, due to battery recharging failure, from March 16 to May 10, 2014, no meteorological and WQP data were collected for #5S. Furthermore, from December 10, 2014 until the end of the entire period, data from SIMA was not backed up (on a 10 min basis), and therefore only the telemetrically transmitted data (hourly based) were used.
Maintenance on the deployed equipment was conducted approximately every 2 mo. All sensors from the multiparameter sondes were submitted to a thorough calibration procedure according to the manufacturer's instructions. In case of unsuccessful calibration, data were considered unreliable, and we also disqualified any data collected when the measurement was taken outside of the calibration's lifetime, which is sensor-dependent. For the thermistor chains, data were discarded in 2 cases: (1) if the end of the chain's rope reached the bottom, which mainly happened during the drought of 2014, and (2) if the chain's rope was wrapped into the anchor's cable. Although these imposed restrictions in the usage of the water column temperature data, this was not critical for our analysis since temperature profiles among platforms were highly correlated. For example, the relationship between the temperature time series for a depth of 0.5 m collected by platforms #1C and #6 in February 2014 showed a determination coefficient (R 2 ) of 0.85 and a root mean square error (RMSE) of 0.27°C. Thus, for an overview of the temporal variation in the thermal structure of the water column, we used data from platforms #1C, #5S, and #6, to improve the temporal coverage.
Rainfall and water level data
Rainfall and reservoir water level data were computed for 2 periods: historical (or climatological) and the studied period. Monthly-accumulated precipitation data were acquired from a station located near the reservoir (municipality of Machado; 21.68°S, 45.94°W), downloaded from the National Institute of Meteorology database (INMET 2016) . Historical precipitation data from 1961 to 2015 were used to compute monthly means. Daily reservoir water level data, in meters (a.m.s.l.), were acquired for the studied period. The historical reservoir level was computed from 1963 to 2015, with the data from 1963 to 2001 acquired on a monthly basis (maximum and minimum levels), and data from 2002 to 2015 on a daily basis. To compare both periods, monthly means were linearly interpolated to daily means to make it comparable to the data for the analyzed period.
Surface heat flux balance and buoyancy frequency
If we exclude the inflow and outflow contributions to the hydrodynamics of a water column, water temperature in the mixed layer and vertical stratification of a reservoir are controlled essentially by a combination of heat and wind mixing (Imberger & Hamblin 1982) . While the surface heat flux balance (S, W m −2 ) acting over an aquatic system is one of the most important processes controlling the mixed layer dynamics (Henderson-Sellers 1986) , the stability of the water column, or the buoyancy frequency (N, s −1 ), has been widely used as a metric for quantifying the stratification force (Marcé et al. 2000 , Calijuri et al. 2002 , Rao et al. 2008 , Liu et al. 2012 .
In this study, the meteorological variables measured by the SIMA, T a , T w , R h , P atm , and U z , were used as inputs for the calculation of the components of S, on a 10 min basis. S was computed following Eq. (1):
where S w is shortwave radiation (directly measured by the SIMA), α is the albedo of the shortwave radiation (calculated as in Martin & McCutcheon 1999) , L w is the net longwave radiation, and E and H are the turbulent fluxes of latent and sensible heat fluxes, respectively. Positive values of S, or net heat gain, indicate warming of the surface layer, which leads to more stability, while negative values, or net heat loss, indicate cooling of the surface layer and can promote vertical mixing. A complete description of the procedures to calculate the heat budget is found in Lorenzzetti et al. (2015) .
were calculated following equations in Henderson-Sellers (1986) . E and H were estimated using the bulk aerodynamic transfer method, considering the stability of the atmospheric boundary layer (Amorocho & DeVries 1980 , Imberger & Patterson 1990 , Verburg & Antenucci 2010 .
Buoyancy frequency (N) was calculated based on data from the thermistors chains, interpolated for regular intervals of 1 m, as
) is mean density of the water column, and ∂ρ/∂z
) is the density gradient. Water density was calculated as in Martin & McCutcheon (1999) , and the effects of salinity on density were considered negligible, since conductivity values were <100 µS cm −1
. Positive values of N indicate stable conditions, while negative and near-zero values indicate unstable and neutral conditions, respectively.
CF identification
Meteorological systems were identified as atmospheric disturbances that change the normal pattern of meteorological variables near the surface, such as atmospheric pressure, air temperature and relative humidity, wind speed and direction, and the radiative components of the heat balance. An example of a meteorological system identification based on meteorological variables and satellite images is shown in Fig. 2 .
Wind direction and air temperature were 2 key parameters for the identification of a CF passage ( Fig. 2A,B) . It was observed that the normal pattern of wind direction, from northerly to easterly, changes to southerly-southwesterly during a CF passage. Like wise, air temperature with a normal diel variation of ~10°C was reduced to ~3°C.
Once changes in the normal pattern of the meteorological variables were identified, we used Geostationary Operational Environmental Satellite (GOES) images ( Fig. 2C−E) , previously processed by the Center for Weather Forecasting and Climate Research (CPTEC) of the National Institute of Space Research (CPTEC 2016) , to confirm the CF passage, as shown in previous studies (Stech & Lorenzzetti 1992 , Tundisi et al. 2004 ). To better evaluate this identification, we also used monthly bulletins of climatic monitoring and analysis, provided by CPTEC (Climanálise 2016) , which contain detailed information on atmospheric disturbances over Brazil.
Critical conditions for Nile tilapia aquaculture
Fish under production should be maintained at ideal environmental conditions for optimal development and growth. Thus, the collected WQP values in FHR were compared with ranges considered ideal for Nile tilapia farming. However, optimal ranges of WQPs vary according to the developmental phase of the fish. Since in the FHR, there were different developmental phases of Nile tilapia, we only considered optimal ranges described for young Nile tilapia, until more information becomes available in the literature.
While the optimum water temperature for Nile tilapia growth has been reported to be ~30°C (Azaza et al. 2008) , 27−30°C is also considered to be their thermal comfort zone (Boyd 1990 , Ostrensky & Boeger 1998 , El-Sayed 2006 . Outside of this range, fish are more apt to suffer from thermal stress and to develop diseases (Marcusso et al. 2015) .
The recommended ranges of pH vary from 6.0−9.0 (Popma & Masser 1999) , 6.5−9.0 (Nandlal & Pickering 2004) , and 6.5−8.0 (Özdemir et al. 2014) . Although these are small variations for optimal pH, it was observed that the range 6.0−9.0 is important for proper fish development. Any pH value below or above this range will trigger biochemical and physi-ological mechanisms to prevent death (Sampaio et al. 2010) .
Nile tilapia can be considered a resistant fish in terms of adverse environmental conditions. They can survive at DO concentrations as low as 1.0 mg l −1 (Abdel-Tawwab et al. 2015) , so DO is not a limiting factor for their development. However, fish growth and feed efficiency are affected by low DO concentrations (Bergheim et al. 2006 , Duan et al. 2011 , Abdel-Tawwab et al. 2015 , and contaminant-induced toxicity could increase at lower DO levels (Sampaio et al. 2012) . Therefore, even if low DO concentration is not a significant threat to Nile tilapia, adequate DO levels should be maintained to satisfy functions responsible for improving fish performance and health (Abdel-Tawwab et al. 2015) . Experiments exposing Nile tilapia to different DO concentrations showed that performance is better when concentrations vary from 6.0 to 6.5 mg l −1 than at lower levels (AbdelTawwab et al. 2015) .
It is important to highlight that producers in the monitored areas of the FHR do not use any fish management procedures during the production cycle. Because of the lack of management, there is no record of fish development. However, during the analyzed period, a survey of fish physiological parameters was conducted, and results showed that fish under production were healthy.
RESULTS
FHR water level, precipitation, and seasonal characterization of water column temperature and stability
Monthly-accumulated precipitation and the FHR's water level data are presented in Fig. 3A for both the historical and analyzed periods. Time series of water column temperature and buoyancy frequency are shown in Fig. 3B ,C (depth isopleths are in parallel to FHR water level). The analyzed period started on August 9, 2013 and ended on September 24, 2015 (Fig. 3) .
The water level decreased remarkably, comparing the historical and analyzed periods. While the seasonal historical fluctuation in the water level ranges to about 4.5 m, the fluctuation within the analyzed period ranged to about 11 m. The below-normal water level is strongly related to a drought period, which can also be observed in Fig. 3A . This drought occurred in the austral summers of 2013−2014 and 2014− 2015 and affected FHR's water level as well as many other reservoirs in the southeast region of Brazil. This drought caused a severe problem in water supply management, especially in São Paulo -the largest city in Brazil (Escobar 2015 , Meganck et al. 2015 , Nobre et al. 2016 . The cause of this 2 yr drought has been related to large-scale and regional atmospheric circulation, as well as sea surface temperature anomalies from the South Atlantic and Pacific oceans (Seth et al. 2015 , Coelho et al. 2016 ). This can be better illustrated by the precipitation data, which showed that the difference between monthly-accumulated precipitation, from August 2013 to January 2015, and the averaged historical precipitation was 850 mm.
Time series of the vertical thermal structure (Fig. 3B ) revealed a strong seasonal pattern, with a well-marked period of stratification during the austral summer (approximately from day of the year [DOY] 300 to 100) and mixing during the austral winter (approximately from DOY 120 to 250). The buoyancy frequency data (Fig. 3C ) confirmed these stratification-mixing patterns, with values reaching 0.07 s −1 in the stratification period. Based on this information and following Lewis' (1983) classification, the ob served stratification-mixing pattern characterizes the FHR as a warm monomictic water body.
Water surface temperatures ranged from 31°C in the austral summer to 22°C in the austral winter, and at a depth of ~16 m, ranged from 26°C in summer to 20°C in winter. N values had a strong diel signal in the first 5 m, and they were observed in the entire time series. The seasonal behavior of N shows high values in austral summers of 2013−2014 and 2014− 2015, vary- ing from 15 to 10 m depth. Although N values > 0.05 s −1 observed in the FHR are usually considered to be characteristic of a strong stratification, we observed neither a well-defined metalimnion nor a well-developed hypolimnion. Instead, a temperature gradient was present from the beginning of the meta limniom until the deepest parts of the water column.
WQPs in stratification and mixing periods
For practical purposes, an N value of 0.03 s −1 was established as a threshold for the identification of stratification and mixing periods. Thus, hereinafter, reference to stratification and mixing pertains to the periods from November to March (DOY 305 to 90) and May to September (DOY 121 to 273), respectively. In these periods, water chemical property dynamics were driven partially by stratification and mixing regimes. Thus, time series of water pH, DO concentration, and turbidity were separated into these 2 periods (Fig. 4) . Minimum and maximum values and mean ( -μ) and standard deviation (σ) for the same time series are shown in Table 1 .
Mean water pH values were, in general, slightly higher when the water column was mixed rather than stratified. Comparing #1C with the other platforms, mean values of pH were lower in those where fish cultivation was present. Additionally, higher ranges (Min−Max) and higher values of σ were also observed at the platforms located in the aquaculture areas. These results indicate a distinction of processes acting naturally in the reservoir (#1C) in comparison with the areas where Nile tilapia cages were present. During the water column stratification period, pH > 8 were observed for #1C and #3, while in the mixing period this was observed for #1C and #5S, with the mean pH also > 8 on #1C.
DO concentrations during the stratification regime were lower than those of the mixing regime for all platforms. This is partially explained by higher DO saturation values found during the mixing regime, which had a mean temperature of ~22°C, while the mean temperature during the stratification re gime was of ~28°C. Mean values of DO concentrations were lower at platforms #2, #3, #4, #5S, and #6 than at #1C. Following the pattern of the pH values, higher ranges and σ were observed in the cultivation areas (except σ for #2 in the mixing re gime). Values < 4 mg l −1 for DO concentrations were found only in #3 from both periods.
Specific conductance at 25°C values did not significantly vary between stratification-mixing periods or between platforms. The highest range of specific conductance was observed in #6, from 33 to 51 µS cm −1 , while for #1C it ranged from 35 to 45 µS cm −1 . Turbidity data presented several anomalous values, or spikes (e.g. Fig. 4K ,L), which were associated with noise in the measurements. Therefore, the values obtained from all platforms were, in general, <10 NTU (excluding the spikes). The platforms installed in the cultivation area presented slightly higher values compared to the control site.
CF effects on mixing and stratification patterns and WQPs
Although several types of meteorological systems can affect water column stability, such as instability lines and conflict between masses (as shown by Ogashawara et al. 2014 , for Guarapiranga reservoir, also in southeast Brazil), CF passages were the main meteorological systems associated with disturbances in the water column of FHR.
Twenty-four CF passages were identified acting over FHR during the analyzed period. Fig. 5 shows the days when those events occurred, superimposed with a daily integration of S. The density of CF occurrences was higher during the mixing period, with 17 passages, while during the strati fication period, only 4 passages were identified (3 CF passages occurred in the transition between stratification and mixing periods). Daily integration values of S varied from −220 to 205 W m −2 , with positive values occurring with more frequency in the austral summer, and negative values occurring more frequently in the winter. The greatest daily net heat balance losses were associated with CF passages.
Wind direction and speed distribution, as well as the mean diel variability of S and its components, were analyzed considering days with and without CF passages (Fig. 6) . In general, days without the passage of CF were characterized by easterly (and fewer . Integrating both diel variability of S values, i.e. with and without CF passages (Fig. 6C,D) , the obtained values were 25.22 and −21.36 W m −2 for days with and without CF passages, respectively.
. Time series of (A−D) water pH, (E−H) dissolved oxygen (DO), and (I−L) turbidity for the periods of stratification (left) and mixing (right) regimes at Furnas Hydroelectric Reservoir, for (A,B,E,F,I,J) platform #1C and (C,D,G,H,K,L) platforms
Since strong wind speeds and heat balance losses favor vertical mixing of the water column, it was expected that CF would alter the mixed layer dynamics. Fig. 7 shows the effects of CF passages on the vertical structure of temperature, up to 9 m depth. The data were analyzed for both stratification and mixing periods, also considering days with and without CF influences. Additionally, measurements up to 3 d after CF passages were also considered. Fig. 7 displays means of the diel variability of temperature of the water column. The mean diel pattern of temperature changes in the mixed layer of FHR is strongly related to the mean diel pattern of the heat flux balance. Both patterns showed higher values at 16:00 h (UTC − 3 h) and minimum values at 07:00 h (UTC − 3 h), which correspond to the end times of net heat gain and losses, respectively. In the stratification period, during a day with a CF passage and continuing for 3 d after its occurrence, colder water rises from the deepest parts of the reservoir to the upper layers (Fig. 7A) . For normal conditions (without CF influences) in the stratification period, surface water temperature varied from 27 to 28.5°C, while after a CF passage, this variation was from 25°C (07:00 h on the 3 rd day after the CF) to 26°C (16:00 h on the 2 nd day after the CF). Deep, colder waters reached surface layers after CF passages during the mixing period (Fig. 7C) . For normal conditions, the temperature range was between 22.3 and 23.5°C, while after a CF passage, the variation ranged from 21.9°C (07:00 h on the 3 rd day after the CF) to 23°C (16:00 h on the 2 nd day after the CF). Differences in the mean values between days with and without the influence of CFs during the mixing period was around 0.5°C, in contrast to 2−2.5°C in the stratification period.
Vertical water temperature, buoyancy frequency, pH, and DO in the surface of the water column around a CF event, occurring on November 23, 2013 in the stratified period, are shown in detail in Fig. 8 . At #1C, the results of the mixing effect of the CF passage caused a slight decrease in pH values and DO concentrations (Fig. 8C,E) . The same pattern was observed for the other platforms, as exemplified by #3 and #4 (Fig. 8D,F) . However, at these platforms, peaks of lower values for both pH and DO concentrations were observed without the influence of the CF. Nevertheless, since no WQPs ranged beyond acceptable values for Nile tilapia, fish productivity was considered normal, validated by the absence of mass mortality observations.
DISCUSSION
Water quality is a critical factor for any aquaculture activity, and the determination of the optimum range of WQPs for each species is important. Once these ranges are established, the monitoring of these WQPs is important to ensure growth and survival rates of the fishery. We discuss the relationships between changes in the monitored WQPs and CF passages as well as the significance of these changes to Nile tilapia farming.
The analyzed period can be considered anomalous because of the low water levels caused by drought. Drastic reductions in water levels are considered a major problem for net cage fish farming in large reservoirs, requiring changes in location, reorganization of infrastructures, and sometimes changes in equipment, which all increase the cost of production. In FHR, these anomalous meteorological conditions led to changes in the operations of Nile tilapia farming, such as changing of cage locations to promote the movement of water beneath them.
Although water level fluctuations may also lead to changes in nutrient concentration, plankton dynamics, and trophic state (Naselli-Flores & Barone 1994, Naselli-Flores 2000, Geraldes & Boavida 2005 , da Costa et al. 2016 ), these were not observed to be a direct effect of the drought on the WQPs monitored in FHR.
A temperature gradient instead of a well-defined metalimnion in the stratification period, similar to the gradient that is characteristic for the FHR, was also observed in Foix Reservoir, Spain (Marcé et al. 2000) , where a hypolimnion was not always present. In contrast, in the Barra Bonita Reservoir (southeast Brazil), weaker N values (maximum of 0.027 s −1 in the summer) were reported, indicating that this reservoir is polymictic (Calijuri et al. 2002) . In Lake Palminhas (southeast Brazil), which is a mesotrophic warm monomictic water body (Venturoti et al. 2015) , during the mixing period (or dry season), the temperature and DO concentration differences between surface and deep layers (~20 m) are minimum, <1°C and 0.5 mg l −1 respectively. However, during the stratification period (or rainy season), these differences are about 4.5°C and 6.5 mg l −1 respectively, with the presence of an anoxic hypolimnion (Venturoti et al. 2014) .
Water temperature is a crucial WQP for fish development, since it directly affects their growth (Martinez-Palacios et al. 1996 , Azaza et al. 2008 , El Sayed & Kawanna 2008 . Based on our results, the ideal period for Nile tilapia cultivation in the FHR seems to be the austral summer (stratification period), although water surface temperatures > 30°C may occur. On the other hand, during austral winter (mixing period), surface water temperatures < 22°C are extremely stressing for Nile tilapia. Although it has been reported that Nile tilapia can maintain their normal activity and survive ~16°C (Sifa et al. 2002) , at temperatures < 27°C, fish will show reduced weight gain and increased disease susceptibility. Moreover, with the high frequency of CFs during this period, lower temperatures can be observed in the surface of the FHR. Therefore, it is recommended that workers avoid live fish handling and decrease fish density to prevent stress in this period of the year.
The increase of CF passages also increases FHR temperature fluctuation, which can also affect fish growth. Although the thermal fluctuation effect on Nile tilapia growth is not well understood, it has been demonstrated that it is size-dependent, allowing small juveniles to grow slightly faster but producing unsuitable conditions for fish of increasing size (Azaza et al. 2010) . Therefore, the monitoring of meteorological systems can help to monitor aquaculture fields, since, with the higher density of CFs in the mixing period, thermal fluctuations will also increase.
Lower water pH levels and DO concentrations were found at all platforms located in the farming areas when compared to the control site. Oxygen depletion has a known effect on fish farming (Silvert 1992) , caused by fish respiration as well as by the degradation process of organic matter, which can be higher within the cultivation areas due to uneaten food and excreta. Studies in Lake Palminhas (Venturoti et al. 2015) and FHR itself (Figueredo & Giani 2005 ) agree with our results, i.e. alterations in pH and DO concentrations were observed within cultivation areas of Nile tilapia when compared with areas without cultivation.
One of the major environmental problems of using net cages in a water body is eutrophication due to fish waste in the surrounding area (Edwards 2015) . In 2 experiments conducted in the FHR (at the beginning of the rainy and dry season) with enclosures containing Nile tilapia fish, Figueredo & Giani (2005) verified that fish excretion increases the availability of nitrogen and phosphorus, which in turn promotes an increase in fast-growing algae. They also observed that selective feeding by Nile tilapia upon large algae (cyanobacteria and diatoms) controlled the relative abundance of phytoplankton species within the enclosures. In these 2 experiments, an initial decrease of both DO concentration and pH values was observed in relation to a control enclosure (no fish) and to another control point in the reservoir (no farming). Although the Nile tilapia contained in the enclosures in these experiments were not artificially fed (only naturally occurring plankton), the alterations in the water quality were noticeable. Therefore, the difference observed in water pH and DO concentration between #1C and the other platforms can be tied to the absence or presence of net cages. Despite the observed influence of net cages on pH fluctuation, the measured pH was still within the ideal range for Nile tilapia cultivation. However, DO concentrations < 3.0 mg l −1 were observed in the FHR during the stratification period. Therefore, during this period, these low concentrations can be harmful for fish under production by decreasing their cost efficiency and increasing their stress susceptibility.
Low values of turbidity (excluding the noise) in this region of the FHR indicate that total suspended solids (TSS) concentrations are also low (since turbidity and TSS are highly correlated, e.g. Grayson et al. 1996 , Bertrand-Krajewski 2004 . TSS can be a limiting factor in light availability for primary production (e.g. Gikuma-Njuru & Hecky 2005) ; however, this is not the case for the studied embayments of the FHR. The observed noise in turbidity measurement in our study was also identified in a monitoring program of hard clam aquaculture using the same multiparameter sonde (Bergquist et al. 2009 ). Therefore, future studies and monitoring programs should focus on understanding the cause of this noise in the turbidity sensor.
The occurrences of CFs over the FHR were more frequent during the austral winter than during the summer, confirming the expected climatology shown by previous studies (Stech & Lorenzzetti 1992 , Rodrigues et al. 2004 . The combined effect of higher wind speeds and the increase in heat loss promoted by a CF acts in favor of mixing processes. Even though CFs occurred more intensively and more frequently during the austral winter, it is expected that changes in the environmental conditions of a water body due to a CF are more intense in the austral summer, when stratification is commonly established.
Mixing of chemically divergent layers during a stratification period, or atelomixis (Lewis 1973) , may occur on diel scales in the epilimnion, reflecting the diel variability of heat flux balance. Stronger variations are expected during and after CF passages, since they will promote partial or entire mixing of the water column. Atelomixis processes act as a fundamental factor for the controlling of vertical phytoplankton distribution and succession (Barbosa & Padisák 2002) . It is important to note that the physical processes associated with atelomixis may be related to basin-scale internal waves (Saggio & Imberger 1998 , Hingsamer et al. 2014 . Thus, the variation caused by the passage of a CF (Fig. 7) over the FHR can play a key role in primary production dynamics. Although CFs significantly altered the temperature distribution in the water column (Fig. 8) , they did not completely erode the stratification of the water column.
Nevertheless, in some stratified lakes and reservoirs, CFs can drastically reduce oxygen concentration in the surface by the upwelling of anoxic waters from the hypolimnion (Tundisi et al. 2010) . Faxinal Reservoir (south Brazil) (Becker et al. 2009b ), Barra Bonita Reservoir (Calijuri et al. 2002 , and Lake Palminhas (southeastern Brazil) (Venturoti et al. 2014) are examples of water bodies where a hypolimnetic hypoxia (or even anoxia) is present. Therefore, in such water bodies, CF passages have the potential to promote the upwelling of these deep waters and significantly affect the water quality in the cultivation areas.
In this study, we did not observe any critical changes in WQPs that would adversely affect Nile tilapia cultivation. This could be explained by the absence of a well-developed hypolimnion and because CFs did not completely erode the stratification (in the stratification period). Instead, higher variability of WQPs in the cultivation areas was observed in comparison to the control site (#1C) after a CF passage. Considering this effect, we observed that during the stratification period, 3 to 4 d after a CF passage, the water column had the ideal conditions for fish handling, since the effects of low pH and DO concentrations can be minimized by the dilution power promoted by the passage. The relatively low dilution power in the surface waters during the stratification period can lead to an increase in nutrient concentrations where the cages are present and, consequently, the phytoplankton ecological dynamics could be affected by these activities. Therefore, CF passages increase the embayments' dilution power by partially mixing the water column, benefiting the cultivation area in this region of the FHR.
The effects of CF passages over the FHR on water temperature (at 1.5 m depth), DO, and pH values are summarized in Fig. 9 . To look at an area outside the influence of the farms, the data shown in Fig. 9 are from our control site (#1C). Although the mean temperature value in the stratification period decreases 2 or 3 d after the CF passages (~3°C), the mean of the other variables seems not to be highly affected, e.g. in a way that extrapolates the 1st and 3rd quartiles of days without CFs (exception of DO and pH values in the stratification periods).
The FHR, or at least the arm of the Grande River, can be considered suitable for Nile tilapia production. However, producers should consider that during the mixing periods, when temperatures are constantly < 27°C, special management is needed. Since temperatures are outside the ideal range for the cultivation of Nile tilapia, producers should reduce fish density and fish manipulation to avoid fish stress. In this way, special management during mixing periods will allow them to maintain economic viability during the entire year.
We compare the WQPs in the FHR with the ideal range for 2 important native species in Brazilian aquaculture: tambaqui Colossoma macropomum and pacu Piaractus mesopotamicus. For tambaqui, the main challenge in the southeast and south regions of Brazil is its high sensitivity to low temperatures. In their natural habitat, tambaqui face temperatures varying from 25 to 40°C, and temperatures < 20°C are adverse for their development. In terms of pH, tambaqui develop better in acidic water, with pH values varying from 4 to 6 (Aride et al. 2007 ). Based on these optimal ranges, the natural alkaline waters in the FHR and mean temperatures constantly > 23°C during the mixing period may not be suitable for tambaqui cultivation.
On the other hand, pacu are more adapted to the southeast and south region of Brazil (Ferraz de Lima et al. 1988) , since their ideal growing temperature is between 25 and 30°C. Although they can resist lower temperatures (15°C), the optimal range for their culture is 20-28°C (Saint-Paul 1989 ). An experimental study showed that a temperature of 7.5°C can be considered the lower limit for 1 yr old pacu survival (Milstein et al. 2000) . The same study also stated that at temperatures under 16−18°C, fish feeding can be suspended to avoid wasting.
The main challenge in cultivating native species in the FHR is the relatively low temperature that occurs during winter, which will force a reduction in the production. Therefore, the farming of hybrid fish species in net cages in southeast Brazil is increasing. In this region, an alternative could be the production of hybrids such as tambacu (female C. macropomum × male P. mesopotamicus), which are more resistant to lower temperatures, or the tambatinga (female C. macropomum × male P. brachypomum), which has been produced in central-west Brazil with reliable results. However, so far there is no data available about the optimal range of WQPs for tambatinga culture. It is important to highlight that the culture of hybrid species should comply with Brazilian legislation (IBAMA Order no. 145 from 1998) regulating the usage of species to be farmed in Brazilian hydrographic basins.
The understanding of stratification and mixing patterns of an aquatic system and their influences on WQPs are fundamental for the identification of the effects on aquaculture activities and vice versa. The economic and social benefit of fish farming is undisputed, but proper management is required for longterm sustainable activities (Beveridge et al. 1997 , Abery et al. 2005 . In this work, the combination of meteorology, limnology, and aquaculture were successfully applied to the development of a framework for the enhanced management of a fishery. The role of CFs in stratification and mixing processes and the implications for Nile tilapia-based aquaculture farming located in the FHR were analyzed. A dataset of meteorological data, WQPs, and water column temperature time-series was used on a high temporal (continuous) acquisition basis, which was possible because of the use of moored platforms. Reliable data was able to be gathered due to the maintenance of the 6 moored platforms and their equipment. Despite the challenge to maintain moored systems for continuous acquisition of data (as previously noted in studies like Bergquist et al. 2009 , Garel et al. 2009 ), the acquisition of high temporal resolution data for studies of lakes and reservoirs brings unprecedented knowledge of these environments in comparison to traditional fieldwork, where processes are addressed over short timeframes. For monitoring purposes, with an understanding of how meteorological systems affect heat flux balance and buoyancy frequency, the collection of meteorological variables could be reduced. Likewise, a thermistor chain could be deployed in only 1 representative location. Therefore, less effort would be needed to monitor WQPs in aquaculture fields.
The passage of CFs is a crucial factor to be considered in the monitoring of aquaculture activities in any water body. This may include, but is not limited to, south, southeast, and central-west regions of Brazil, as well as other countries in South America, like Argentina, Uruguay, and Paraguay. Although in this study, we highlighted the possible effects of CFs on aquaculture, it is important to note that other meteorological systems could also generate the same changes in the water column (Ogashawara et al. 2014). For example, Curtarelli et al. (2014b) showed that mesoscale convective systems are important meteorological forces that act over the Tucuruí Reservoir, northern Brazil. Thus, it is important to identify the main meteorological system, or systems, acting over a water body when considering the installation of an aquaculture enterprise. The rapid increase in Brazilian aquaculture production in the last 2 decades indicates a growing market for exotic and native species (Pincinato & Asche 2016) . Although the present study was restricted to Nile tilapia Oreochromis niloticus farming, which is considered a species that is highly tolerant to adverse environmental conditions, the proposed monitoring framework can be applicable to other fish cultures. The understanding and monitoring of the effects of CFs (and other me teorological systems) on different water bodies is highly important for the development of aquaculture and aquaculture policies worldwide.
